Bio-oil obtained via flash pyrolysis shows potential to be applied as a renewable fuel. However, bio-oil often contains high amounts of water, which is a major drawback for its application. The influence of a biopolymer -polyhydroxybutyrate (PHB) on the pyrolysis of willow is investigated using a semicontinuous home-built pyrolysis reactor. The flash co-pyrolysis of willow/PHB blends (w/w ratio 7:1, 3:1, 2:1 and 1:1) clearly shows particular merits: a synergetic increase in pyrolysis yield, a synergetic reduction of the water content in bio-oil, an increase in heating value, and a production of easily separable chemicals. The occurrence of synergetic interactions is observed based on a comparison between the actual pyrolysis results of the willow/PHB blends, the theoretical pyrolysis results calculated from the reference pyrolysis experiments (pure willow and pure PHB) and their respective w/w ratio. The co-pyrolysis of 1:1 willow/PHB shows the best overall results.
Introduction
Ever since the oil crisis in the 1970's, the European Union has become aware of the hazardous impact of its dependence on foreign energy sources, and started investing in the development of an alternative energy strategy in order to reinforce its independence [1] . During the last decade, the search for such an alternative energy strategy was accelerated even more due to the Kyoto Protocol and the ever growing threat of the depletion of fossil fuels, and Global Warming. Many renewable energy sources used in the production of heat and electricity have already been investigated; with wind, solar, water and biomass as the most interesting alternatives. A promising route for the production of alternative energy sources, without competing with the food supply, is the flash pyrolysis of biomass. Flash pyrolysis results in valuable energetic materials: e.g. char (solid), bio-oil (liquid) and gaseous materials [2] [3] [4] , of which bio-oil has the most potential for a widespread application.
One of the major drawbacks of bio-oil is that it contains high amounts of pyrolytic water. Pyrolytic water is inherently produced during the (flash) pyrolysis of biomass. Nevertheless, the presence of water has both positive and negative effects on bio-oil properties [5, 6] . In literature, the maximum water content is defined as 25 -26 wt. % [7] , while a water content of 15 to 30 % and even more is often reported [6, 8] .
In order to increase the applicability of bio-oil and to make its production competitive, the reduction of the water content is of fundamental importance.
The use of co-pyrolytic techniques on biomass/plastic ratios has already been investigated on 'traditional' plastics [9] [10] [11] [12] . Biopolymers, which are a special kind of plastic, originate from renewables and/or are biologically degradable. Despite their biodegradability, however, most biopolymers still have to be considered as waste, since it would be ecologically unacceptable to dispose of them in the environment. The flash co-pyrolysis of biomass and biopolymers offers an alternative waste treatment option and may act as an upgrading step during the pyrolysis of biomass. Recently, the flash copyrolysis of willow and another biopolymer -PLA (polylactic acid) at 723 K has already been reported and showed a clear synergetic effect, resulting in an enhanced bio-oil yield with a lower water content and a higher calorific value [13] . Therefore, a myriad of biopolymers, of which polyhydroxybutyrate (PHB) gave the most promising results, has been investigated with a semi-continuous home-built pyrolysis reactor in identical circumstances as for PLA. The findings of this research will be communicated in a future article.
PHB is a naturally occurring biologically degradable polymer, accumulated by many bacteria as carbon and energy reserve material [14, 15] . It can be degraded to water and carbon dioxide under environmental conditions by a variety of bacteria, and shows much potential for its application as an environmentally degradable plastic [16] . The thermal decomposition of PHB has already been studied in detail analytically with the aid of TGA, DSC, Py-MS, Py-GC/MS, and Py-GC-FTIR [17] [18] [19] [20] . However, (flash) pyrolysis experiments on PHB combined with subsequent condensation of the condensable pyrolytic gasses produced, has, according to the knowledge of the authors, never been reported.
The goal of the present research is to reduce the amount of pyrolytic water in bio-oil by flash copyrolysing biomass (willow) and PHB. In this paper, the influence of the flash co-pyrolysis of willow and PHB on the bio-oil yield, its water content and heating value is discussed. Additionally, for some blends, it was found that not only bio-oil, but also a pure crystalline phase (crystals of crotonic acid) was produced, which is an important next step in the upgrading and separation of bio-oils into chemicals with added value. In a next paper (part 2), the chemical composition of the bio-oil and crystals will be evaluated in terms of the ratio applied in order to propose a general reaction mechanism.
Experimental

Materials
The experiments are performed on pure willow -Salix, pure PHB and willow/PHB blends. The willow branches (of which the leaves are not taken into account in this study) are cut and dried at room temperature before being shredded into small particles (~2 mm). A particle size of < 2 mm guarantees a fast inner-heating rate during pyrolysis and thus ensures a flash pyrolysis of the entire particle.
The experiments on willow/PHB blends with a w/w ratio of 7:1, 3:1, 2:1 and 1:1 are investigated and compared with the results obtained for 100% pure willow and 100% pure PHB (reference samples 1 and 2, respectively) to evaluate the effects on the bio-oil yield, its water content, its calorific value and the production of crystals, which are a potential source of chemicals with added value.
Explorative analysis of pure biomass and PHB
Ultimate Analysis
The CHNS-and O-content of the input materials are determined via two distinct experiments, using a For a detailed description of the experimental flash pyrolysis set-up and procedure, refer to [13] . 1 To the knowledge of the authors, the occurrence of crystals in bio-oil has never been reported. The term "condensables", which represents the pyrolysis yield, is used to group bio-oil and crystals. An extended pyrolysis flowchart ( Figure 2 ) is added to represent the observations of this research. 
Analysis of condensables
Water content
The water content of the bio-oil and crystals is measured using the Dean-Stark method. Approximately 5 to 10 ml sample is introduced into a 250 ml flask, together with approximately 60 ml toluene. Water present in the sample forms an azeotrope with the added toluene, which evaporates at a reduced temperature. During cooling, the azeotrope separates back into water and toluene. Finally, the water is collected in a calibrated reservoir, indicating the amount of water present in the sample.
Calorimetry
The samples (± 1 g) are analysed with an IKA C5003 control calorimeter equipped with an IKA KV 600
Digital water cooler and a Sartorius CP224S analytical balance. Oxygen is connected to the system to pressurise the bomb. Measurements are executed in dynamic mode and the calibration of the system is performed with benzoic acid (palleted, C723) of IKA with a higher heating value (H.H.V.) of 26460 J/g.
Gas Chromatography/Mass Spectrometry -GC/MS
A Varian 3400 gas chromatograph is equipped with a Finnigan TSQ 700 mass selective detector and a DB-WAX capillary fused silica column (30 m x 0.25 mm x 0.25 µm). The column temperature is programmed from 308 to 533 K at 12 K/min after an initial 1 min isothermal period and kept at the final temperature for 6 min. Sample injection of 1 µl of a 1 -4 % solution in methanol is done in the split less mode while the injector temperature is 533 K.
The mass spectrometer is set at the standard ionising voltage of 70 eV with a mass range m/z of 42 -500 and a scan rate of 2 scans/sec. The identification of the compounds is accomplished by advising a NIST database containing up to 100.000 data.
Results and discussion
The main characteristics of willow and PHB are given in Table 1 Analytical (co-)pyrolysis
The pyrolysis behaviour of willow, PHB and willow/PHB blends with a w/w ratio of 7:1, 3:1, 2:1 and 1:1 is investigated with the aid of TGA. The mass loss curves and the derivatives of willow, PHB and 1:1 willow/PHB are shown in Figure 3 . From the thermograms of the pure materials, the moisture content can be approximated: after preliminary drying, willow still contains about 1.9 % moisture, while PHB only contains a negligible amount of 0.2 %. As most woody biomass, willow mainly exists of the three basic constituents: cellulose, hemi-cellullose and lignine. Each of these constituents has a specific influence on the TG and DTG profiles of biomass [21] [22] [23] . The main decomposition of willow takes place in a temperature range from about 470 up to 670 K, with a maximum decomposition temperature of 622 K (Fig. 3a) . PHB on the other hand (Fig. 3b) , decomposes in a narrow temperature interval between 480 and 565 K, resulting in a sharp degradation peak with a maximum at 545 K.
The willow/PHB blends ( Additionally, TG/FT-IR experiments have also been performed on pure willow, pure PHB and the four willow/PHB blends. The TG/FT-IR spectra extracted at 545 K and 622 K (the main decomposition temperatures of PHB and willow, respectively) of the evolving pyrolytic gases of pure willow, pure PHB and 1:1 willow/PHB are visualised in Figure 6 , where a comparison between the different FT-IR spectra at their respective temperature, e.g. 545 K (left) and 622 K (right), is made.
At 545 K, the pure PHB and 1:1 willow/PHB FT-IR spectra are nearly identical. Only a few differences are observed: 1. the willow/PHB blend shows a relatively higher response for CO2 (2300 -2400 cm -1 ) compared to pure PHB, and 2. the band pattern at 1150 cm -1 (most probably referring to C-O vibrations)
slightly differs between pure PHB and 1:1 willow/PHB. The decomposition of 1:1 willow/PHB at 545 K is 2 The formation of crotonic acid during the thermal degradation of pure PHB has already been observed in the evolving pyrolytic gases and is discussed in literature [17] [18] [19] [20] 24] .
clearly dominated by and can almost completely be attributed to the degradation of PHB, indicating that yet no significant interactions occur during the analytic co-pyrolysis. At 622 K, on the other hand, the FT-IR spectrum of 1:1 willow/PHB resembles the FT-IR spectrum of willow the most. However, the spectrum features are also affected by PHB. This can possibly be explained by tailing of the PHB decomposition (consult the 3D diagrams in Figure 8 where such tailing is also observed). All three FT-IR spectra at 622 K show the presence of CO2 (and CO), but the actual peak pattern of CO2 slightly differs for all three inputs. The response for CO2 is the highest in the 1:1 willow/PHB spectrum. This observation can be an indication towards another degradation mechanism occurring during the co-pyrolysis of willow and PHB, and which results in an increased production of CO2. In both the FT-IR spectra at 545 K and 622 K ( Figure 6 ) and in the 3D-diagrams (Figure 8 ), obtained by plotting the absorbance (Y) of the evolving gasses as a function of the wave number (X) and temperature (Z), the most abundant peaks are represented by the carbonyl functionalities located at 1800 -1690 cm -1 .
3 TG/MS and TG/FT-IR are two complementary techniques: TG/MS is specific for water and CO2, but to a lesser extent for CO; while TG/FT-IR is specific for CO and CO2, but to a lesser extent for water because of interferences. 
Flash (co-)pyrolysis
The flash pyrolysis of willow and the flash co-pyrolysis of 7:1 and 3:1 willow/PHB, with the semicontinuous home-built pyrolysis reactor, result into a 'normal' brown viscous bio-oil. However, as soon as a sufficient amount of PHB is added (2:1 and 1:1 willow/PHB), crystals are formed in the bio-oil (after condensation; Figure 1 , part c). After complete crystallisation, the bio-oil is filtered and the crystals are readily separated from the bio-oil (Figure 2 ). The pyrolysis of pure PHB, on the other hand, only results in the production of such crystals. The crystals contain no water and are characterised with the aid of GC/MS as crotonic acid or butenoic acid 4 . Table 2 summarises the pyrolysis yields and efficiencies of the flash (co-)pyrolysis of pure willow, pure PHB and willow/PHB blends with a w/w-ratio of 7:1, 3:1; 2:1 and 1:1; performed with the semicontinuous home-built pyrolysis reactor. In Table 2 , 'condensables' is used to group bio-oil and crystals, while in Table 3 a subdivision of 'condensables' into bio-oil and crystals is made. Additionally, Table 3 virtually subdivides bio-oil into water-free bio-oil and pyrolytic water based on the water content 5 . Based on these results, some conclusions can be drawn. Table 2 : Pyrolysis yields and efficiencies of the condensables, char and gas productions in function of the willow/PHB w/w ratios. The gas yield is calculated by difference. 4 The presence of crotonic acid in the pyrolytic gasses was already observed in this research with the aid of TG/MS (m/z 39, 41, 68, 69, and 86). The entire compositional analysis of the bio-oil and crystals will be discussed in more detail in a future article. 5 For a complete schematic representation of the pyrolysis flowchart refer to Figure 2 . First, the yield in condensables (Table 2 ) increases in direct relation to the addition of PHB. Additionally, a synergy 6 can be calculated, i.e. an increased yield in condensables compared to the sum of the fractional experimental values of both inputs is achieved. Table 4 summarises the synergy (in %) in the total yield in condensables obtained by the flash co-pyrolysis of the 7:1, 3:1, 2:1 and 1:1 blends. The synergy is calculated based on the yield in condensables of the two reference materials (pure willow and pure PHB) and their respective w/w ratio, and the yield in condensables obtained by the actual flash co-pyrolysis of the blends. The synergy in the total yield in condensables culminates in the 1:1 w/w-ratio, and reaches almost +9% 7 . Third, the presence of a synergy is confirmed in Table 4 , where the production of pyrolytic water is lower compared to the sum of the fractional experimental values of both inputs. Again, the synergy peaks at the 1:1 w/w-ratio resulting into a decrease of almost -40% 8 . Finally, the yield in water-free bio-oil also shows a synergy for all willow/PHB blends (Table 4) . Here, however, the most pronounced synergy is obtained for the 2:1 willow/PHB blend reaching + 96.4% 9 . The maximum yield in water-free bio-oil (in absolute terms (Table 3) ), on the contrary, is obtained during the co-pyrolysis of 3:1 willow/PHB, representing a yield of 45.63 m%. On the other hand, it is observed that the production of crystals is lower in comparison with the sum of the fractional experiments. However, after a preliminary GC/MS analysis of the different bio-oils, it is worth mentioning that the amount of dissolved crotonic acid in bio-oil increases in accordance with the addition of PHB. Further research is conducted to quantify the total amount of crotonic acid produced during flash co-pyrolysis.
In general, it can be concluded that the flash co-pyrolysis of willow and PHB results in a bio-oil with added value, and that the preferred w/w-ratio of willow/PHB depends on the specific goal of the flash co-pyrolysis. (Table 1) , of the bio-oil (Table 5 ) and the crystals (H.H.V. = 23104 J/g), an energy recuperation ranging from 42% to 70% for the pyrolysis of pure willow and pure PHB, respectively, is obtained ( Table 5 ). The co-pyrolysis of 1:1 willow/PHB approximates the energy recuperation obtained from pure PHB (67% 10 -70% 11 , respectively). It can be concluded that the co-pyrolysis of the different w/w-ratios results in an increased energy recuperation compared to the sum of the fractional experimental values of both references (= synergy), and thus makes the co-pyrolysis of willow and PHB an energetic and economic attractive route. Table 5 summarises the theoretical energy recuperation calculated based on the flash pyrolysis results of the two reference materials (pure willow and pure PHB) and their respective w/w ratio, the actual energy recuperation obtained by the flash co-pyrolysis of the blends, and the synergetic increase in the energy recuperation for the 7:1, 3:1, 2:1 and 1:1 blend (in %). Again, the synergy culminates for the 1:1 willow/PHB blend and reaches +18.5% 12 .
Therefore, it can be stated that the flash co-pyrolysis of the 3:1 willow/PHB blend results in the highest bio-oil and water-free bio-oil yield (57.76 m% and 45.63 m%, respectively), while the 1:1 willow/PHB blend results in the highest synergetic decrease (almost -40%) in the amount of pyrolytic water, the highest synergetic increase of the yield in condensables(+9%) and the highest synergetic increase in energy recuperation (+18.5%).
Even though the explorative analysis (e.g. TGA, TG/MS and TG/FT-IR) did not result in any conclusive evidence regarding interactions between willow and PHB during (slow) co-pyrolysis, nor regarding a decrease in the amount of pyrolytic water in the evolving gasses (as was observed for the co-pyrolysis of willow and PLA in earlier research [13] ), a synergetic reduction of the water content and of the amount of pyrolytic water produced during the flash co-pyrolysis of willow and PHB with the semicontinuous home-built pyrolysis reactor is achieved. Additionally, a synergetic increase in pyrolysis yield, water-free bio-oil yield and energy recuperation is observed. The obtained synergy points out that the (flash) co-pyrolysis of willow and PHB results in unexpected observations. Therefore, the synergy can only be explained by additional reactions (and different reaction circumstances) during flash copyrolysis in the semi-continuous pyrolysis reactor.
Due to the fact that biomass, and more specifically willow, decomposes in three stages, some possible general reactions can be proposed: 1. the decomposition of lignine and/or hemicellulose results in volatiles which react with PHB, followed by subsequent reactions with cellulose; 2. the decomposition of PHB results in volatiles which react with willow (cellulose, hemicellulose and/or lignin); 3. lignine and/or hemicellulose and PHB interact during the decomposition and result in altered volatiles, which in turn can additionally react with cellulose. The proposed reactions and interactions can occur: 1. during the decomposition and/or 2. between the volatiles after decomposition and/or 3. between the condensables of willow and PHB. In this research, TG/FT-IR explicitly showed that the decomposition of the blends at 545 K is almost completely attributable to the degradation of PHB, indicating that the first proposed reaction is unlikely to occur. Additional research is in progress in order to formulate an unambiguous answer to these proposals and will be communicated in part 2.
Conclusions
The flash co-pyrolysis of willow and PHB at 723 K results in an increased pyrolysis yield and bio-oil with a reduced water content. A synergistic effect was observed to increase along with the addition of PHB, with a maximum for the 1:1 w/w ratio. Additionally, an increased energy recuperation compared to the sum of the fractional experimental values of both materials is achieved, making the co-pyrolysis of willow and PHB an energetic and economic attractive route. Finally, the flash co-pyrolysis of willow and PHB also resulted in an uninitiated phase-separation between bio-oil and crystals (crotonic acid), which are a potential source of value-added speciality chemicals.
